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Summary
Aspergillus fumigatus is a mold that causes a spec-
trum of diseases, including lethal lung infections in
immunocompromised humans and allergic asthma in
atopic individuals. T helper 1 (Th1) CD4+ T cells protect
against invasive A. fumigatus infections whereas Th2
CD4+ T cells exacerbate asthma upon inhalation of
A. fumigatus spores. Herein, we demonstrate that
A. fumigatus-specific T cells were rapidly primed in
lymph nodes draining the lung and fully differentiated
into interferon-g (IFN-g)-producing Th1 CD4+ T cells
upon arrival in the airways. T-bet induction in A. fumi-
gatus-specific CD4+ T cells was enhanced by MyD88-
mediated signals in draining lymph nodes, but T cell
proliferation, trafficking, and Th1 differentiation in
the airways were Toll-like receptor (TLR) and MyD88
independent. Our studies demonstrate that CD4+ T
cell differentiation during respiratory fungal infection
occurs incrementally, with TLR-mediated signals in
the lymph node enhancing the potential for IFN-g pro-
duction whereas MyD88-independent signals promote
Th1 differentiation in the lung.
Introduction
The mold Aspergillus fumigatus generates spores (con-
idia) that, because of their 2 to 3 mm diameter, are readily
inhaled into terminal airways (Latge, 1999, 2001). Coni-
dia germinate in moist environments, a process that be-
gins with spore swelling and progresses to generation of
long, filamentous hyphae that extend into their sur-
roundings (Latge, 2001; Latge and Calderone, 2002; Ro-
mani, 2004). In healthy individuals, inhaled conidia are
phagocytosed by alveolar macrophages and killed in
a phagocyte oxidase-dependent fashion (Ibrahim-Gra-
net et al., 2003; Latge and Calderone, 2002). In immuno-
compromised individuals, on the other hand, incomplete
killing of inhaled fungal conidia results in germination
and tissue invasion by fungal hyphae (Latge, 2001).
In contrast to most human pathogens, which are en-
countered infrequently, A. fumigatus spores are inhaled
on a daily basis and, occasionally, exposure to very
large numbers of conidia can occur (Goodley et al.,
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10021.1994; Latge, 1999). Frequent exposure to inhaled spores
presents a challenge to the immune system: inadequate
responses can lead to invasive disease whereas overly
robust responses can result in immune-mediated tissue
damage which, in the lung, can be calamitous. Aberrant
immune responses to A. fumigatus result in a spectrum
of human disease states that include allergic broncho-
pulmonary aspergillosis, a disease in which T helper 2
(Th2) CD4+ T cell responses produce an asthma-like dis-
ease, and Farmer’s lung, a disease in which repeated
exposure to large numbers of conidia results in pulmo-
nary hypersensitivity and compromised lung function
(Cockrill and Hales, 1999; Hogaboam et al., 2005; Tillie-
Leblond and Tonnel, 2005).
Although Th2 CD4+ T cell responses and production
of interleukin-4 (IL-4), IL-5, and IL-13 result in the devel-
opment of allergic bronchopulmonary aspergillosis
(Blease et al., 2001; Cenci et al., 1997; Kurup et al.,
1997), in the immunocompromised host, Th1 CD4+ T
cell responses protect against invasive disease (Cenci
et al., 1997, 2000; Mencacci et al., 2001; Perruccio
et al., 2005). In particular, production of IFN-g by T cells
provides protection, and adoptive transfer of IFN-g-pro-
ducing A. fumigatus-specific CD4+ T cells can protect
bone marrow-transplanted mice and humans from inva-
sive fungal disease (Cenci et al., 2000; Perruccio et al.,
2005). Intratracheal inoculation of mice with A. fumiga-
tus conidia primes a robust, interferon-g (IFN-g)-pro-
ducing CD4+ T cell response that peaks approximately
1 week after exposure (Rivera et al., 2005). Although
live conidia are more effective at priming Th1 CD4+ T
cell responses than killed conidia, the inflammatory
signals that influence T cell differentiation during fungal
infections remain largely undefined (Rivera et al., 2005).
Toll-like receptors (TLRs) mediate signals that result in
macrophage activation upon exposure toAspergillus fu-
migatus conidia and hyphae. Although TLR2 and TLR4
detect A. fumigatus, the fungal ligands for these recep-
tors remain undefined (Mambula et al., 2002; Marr et al.,
2003; Meier et al., 2003; Netea et al., 2003). A. fumigatus
infection also induces expression of TLR2 and TLR4
mRNA in neutrophils (Bellocchio et al., 2004b). Dectin-
1, a C-type lectin expressed in macrophages and den-
dritic cells (DCs), recognizes swelling A. fumigatus con-
idia and induces the production of tumor necrosis factor
(TNF-a) and macrophage inflammatory protein-2 (MIP-
2) (Hohl et al., 2005; Steele et al., 2005; Gersuk et al.,
2006). The impact of Dectin-1 and myeloid differentia-
tion factor 88 (MyD88)-mediated signals on antifungal
T cell responses remains undefined.
Increasing evidence indicates that T cell priming and
differentiation is enhanced by TLR-MyD88-mediated
activation of APCs, which includes the induction of cos-
timulatory molecules (Pasare and Medzhitov, 2004a,
2004b; Schnare et al., 2001). TLR-MyD88-mediated
signals are essential for priming of naive CD4+ T cells
against proteins presented in a microbial context (Pa-
sare and Medzhitov, 2004a, 2004b; Schnare et al.,
2001). Further, MyD88-mediated signals must be trig-
gered in the antigen-presenting cell in order to induce
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Reis e Sousa, 2005). Thus, upon exposure to microbial
products, TLR-MyD88-mediated signals play an impor-
tant role in T cell priming by optimizing the presentation
of antigens and inducing the necessary costimulatory
interactions that direct T cell differentiation. However,
whether these TLR-MyD88 signals are essential for the
development of T cell responses to a bona fide infection
remains less than clear. Studies characterizing the im-
pact of TLR-MyD88-mediated signals on the develop-
ment of T cell responses to LCMV infection suggest an
essential role (Zhou et al., 2005), whereas studies char-
acterizing Listeria monocytogenes-specific CD8+ T cells
suggest that TLR-mediated signals are dispensable for
T cell priming and expansion (Kursar et al., 2004; Way
et al., 2003).
In this study, we characterize the role of TLR-MyD88-
mediated signals in the activation of CD4+ T cells during
fungal infection. We find that naive CD4+ T cells specific
for A. fumigatus are activated and proliferate in draining
lymph nodes after intratracheal inoculation of fungal
spores. CD4+ T cell proliferation and trafficking from
the lymph node to the airways occur normally in the ab-
sence of MyD88 signaling. Despite extensive prolifera-
tion in draining lymph nodes, responding CD4+ T cells
do not express substantial IFN-g until they leave the
lymph node and traffic to the lung airways. MyD88-me-
diated signals enhance T-bet induction in the draining
lymph node, resulting in increased frequencies of IFN-
g-producing T cells. However, once CD4+ T cells traffic
to the lung, Th1 differentiation occurs even in the ab-
sence of MyD88-mediated signals. Our studies provide
a glimpse of in vivo CD4+ T cell priming and differentia-
tion during respiratory fungal infection and demonstrate
the relatively restricted contribution of MyD88- and TLR-
mediated signaling to the activation of A. fumigatus-
specific T cells.
Results
Normal Trafficking and Proliferation of CD4+ T Cells
in Myd882/2 Mice after Challenge with A. fumigatus
Spores
Several studies have demonstrated that TLR-MyD88-
mediated activation of DCs is essential for the develop-
ment of Th1 CD4+ T cell responses to antigen (Pasare
and Medzhitov, 2004a; Schnare et al., 2001). We there-
fore investigated the role of MyD88-mediated signals
in the activation and differentiation of fungus-specific
T cells. In previous studies, we showed that robust
CD4+ T cell responses are primed in C57BL/6 mice
upon respiratory challenge with live A. fumigatus coni-
dia, with peak responses occurring 7 days after infection
(Rivera et al., 2005). Myd882/2 and control Myd88+/+
mice were therefore challenged with live A. fumigatus
spores, and the number of CD4+ T cells recruited to
the MLN was determined 7 days after infection. Recruit-
ment of CD4+ T cells to the MLN was similar in wild-type
and Myd882/2 mice (Figure 1A). Trafficking of activated
CD4+ T cells to the airways of infected mice, as mea-
sured by counting cells in bronchoalveolar lavage fluid
(BALF), was slightly decreased in the absence of
MyD88 signaling, but this decrease did not reach statis-
tical significance (Figure 1B).A. fumigatus-specific CD4+T cell proliferative responses in lymph nodes were mod-
estly reduced by 30% (Figure 1C) in Myd882/2 mice
compared to wild-type control mice. CFSE labeling of
lymph node cells and in vitro stimulation with A. fumiga-
tus antigens, however, demonstrated that similar num-
bers of A. fumigatus-specific CD4+ T cells were present
in lymph nodes from Myd882/2 and wild-type mice
(Figure 1D and see Figure S1A in the Supplemental
Data available online). Together, these results indicate
that A. fumigatus-specific CD4+ T cells are activated
similarly in draining lymph nodes in the presence or ab-
sence of MyD88-mediated DC activation.
Fewer IFN-g-Producing A. fumigatus-Specific
CD4+ T Cells in MyD882/2 Mice
To determine the impact of MyD88-mediated signals on
differentiation of A. fumigatus-primed CD4+ T cells, we
infected wild-type and Myd882/2 mice with conidia
and investigated IFN-g production 7 days later by intra-
cellular cytokine staining. Upon restimulation with A. fu-
migatus antigens, approximately 2% of BALF-derived
CD4+ T cells from normal mice produced IFN-g. In con-
trast, only 0.8% of airway-infiltrating CD4+ T cells from
Myd882/2 mice produced IFN-g after antigen restimula-
tion (Figure 1E). Although draining lymph node cells un-
derwent proliferation upon stimulation with hyphae (Fig-
ures 1C and 1D), intracellular cytokine staining detected
a minimal frequency of A. fumigatus-specific, IFN-g-
producing CD4+ T cells in draining lymph nodes of either
wild-type or Myd882/2 mice (Figure S1B). These results
suggest that Th1 differentiation of A. fumigatus-specific
CD4+ T cells does not occur until T cells arrive in the lung
airways and that MyD88-mediated signals increase the
number of IFN-g-producing T cells. Several mecha-
nisms could explain the diminished number of IFN-g-
producing CD4+ T cells in Myd882/2 mice. First,
MyD88-mediated signals might increase the prolifera-
tion or survival ofA. fumigatus-specific Th1 CD4+ T cells.
Alternatively, MyD88-mediated signals might enhance
the recruitment of Th1 CD4+ T cells to the airways. A
third possibility is that MyD88-mediated signals might
increase the proportion of cells that differentiate into
Th1 cells. To distinguish among these possibilities and
to enable visualization of T cell priming, expansion,
and trafficking, we generated a T cell receptor (TCR)
transgenic mouse specific for A. fumigatus.
Generation and Characterization of A. fumigatus-
Specific CD4+ TCR-tg Mice
The Af3.16 TCR transgenic mouse specific for A. fumi-
gatus was generated from a T cell hybridoma derived
from CD4+ T cells that were harvested from mediastinal
lymph nodes 7 days after intratracheal inoculation of
a C57BL/6 mouse with live conidia. Hybridoma 3.16 se-
creted IL-2 upon stimulation with A. fumigatus hyphae
(data not shown) and was used to isolate the genes en-
coding the TCR a and b chains. The Af3.16 TCR was
identified as Va1.8-Ja30 and Vb8.3-Jb1.2, and injection
into fertilized C57BL/6 oocysts yielded a transgenic
founder. Af3.16 TCR transgenic mice have increased
prevalence of Vb8.3-expressing CD4+ T cells in spleen
and lymph nodes as compared to wild-type B6 mice
(Figure S2). To verify their specificity, naive CD4+ T cells
from Af3.16 TCR-tg mice were labeled with CFSE and
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667Figure 1. Normal Trafficking of CD4+ T Cells but Reduced IFN-g Production in Myd882/2 Mice
Myd882/2 and control mice were infected intratracheally with 107 A. fumigatus conidia, and CD4+ T cell responses were assessed by various
methods 7 days post challenge.
(A and B) Total CD4+ T cell recruitment to the MLN (A) or airways (B) of infected mice as assessed by cell-surface staining and FACS analysis.
Each symbol represents one mouse: black symbols represent infected mice, and gray ones represent mice challenged with vehicle only. Data
presented are cumulative of three independent experiments with 3–4 mice per group in each experiment. Horizontal bars represent the average
value for each group.
(C) CD4+ T cells were purified from the MLN of Myd882/2 and control mice and restimulated in the presence of APCs with (gray bars) or without
(black bars) A. fumigatus hyphal antigens. Cells were cocultured for 84 hr prior to the assessment of T cell proliferation by [3H]-thymidine incor-
poration. Values shown are mean 6 SD of six individual wells per group and are representative of three individual experiments.
(D) CD4+ T cells were purified as described above and labeled with CFSE prior to being cultured with APCs in the presence or absence of antigen.
T cell proliferation was assessed 4 days after culture initiation by cell-surface staining and FACS analysis. CFSE profiles shown are for CD4+
gated cells and are representative of triplicate cultures performed per experiment in three individual experiments.
(E) BALF cells were cultured with APCs with or without A. fumigatus antigens prior to intracellular cytokine staining and FACS analysis. Data
shown are for CD4+ gated populations and are representative of results obtained in three individual experiments. Numbers represent the per-
centage of IFN-g-producing cells.stimulated in vitro with antigen-presenting cells (APCs)
in the presence or absence of A. fumigatus hyphae.
Vb8.3+ T cells from Af3.16 mice proliferated extensively
in response to antigenic stimulation and downregulated
CD62L expression after several rounds of proliferation
(Figure 2). These results demonstrate the specificity
and responsiveness of naive Af3.16 T cells.
A. fumigatus-Specific TCR-tg Cells Proliferate and
Migrate to the Airways of Fungus-Infected Mice
To determine whether Af3.16 T cells are primed in vivo,
we transferred CFSE-labeled, Thy1 disparate Af3.16 T
cells into recipient mice and intratracheally challenged
them 1 day later with A. fumigatus conidia. BALF, medi-
astinal lymph nodes, spleen, and peripheral lymph no-
des were analyzed by flow cytometry 0, 3, and 6 days
after challenge. We did not detect in vivo proliferation
in uninfected mice or 3 days after infection, as measured
by CFSE dilution, in any of the examined sites (Figure 3,
FACS data for infected; control mice that did not receive
Af3.16 T cells are shown in Figure S3A). By 6 days after
infection, there was extensive expansion of Af3.16 T
cells in mediastinal lymph nodes, with less expansion
in spleen and essentially no expansion in peripherallymph nodes (Figure 3). Additional experiments demon-
strated that Af3.16 T cells proliferated extensively
between days 3 and 4 after infection (Figure S3B). Re-
markably, BALF contained only CD4+ T cells that had
completely lost CFSE staining, indicating that exit from
draining mediastinal lymph nodes and trafficking to
lung was restricted to CD4+ T cells that had undergone
the most extensive proliferation (Figure 3).
Adoptive Transfer of Differing Numbers of Af3.16
TCR-tg T Cells into Recipients
Recent studies have demonstrated that the frequency of
adoptively transferred TCR transgenic T cells can effect
the differentiation of the responding T cells (Hataye
et al., 2006). Thus, we determined the minimum number
of adoptively transferred Af3.16 TCR-tg cells that would
allow us to observe in vivo responses to A. fumigatus.
Decreasing doses of Af3.16 TCR-tg cells were adop-
tively transferred into Thy1-disparate recipients 1 day
before infection, and the expansion of TCR-tg cells
was assessed at various times postchallenge with 107
live A. fumigatus conidia. These experiments demon-
strated that adoptive transfer of fewer Af3.16 TCR-tg
cells resulted in greater in vivo expansion (Figure S4).
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dogenous T cells, therefore, in subsequent experiments
we transferred 103 to 104 Af3.16 T cells unless stated
otherwise.
Af3.16 TCR-tg Cells Differentiate into Th1
IFN-g-Producing Cells In Vivo
To characterize Th1 differentiation of Af3.16 T cells in re-
cipient mice, TCR-tg cells were labeled with CFSE and
transferred into Thy1 disparate C57BL/6 mice 1 day
prior to a pulmonary infection with liveA. fumigatus con-
idia. Seven days later, intracellular cytokine staining for
IFN-g was performed on MLN, spleen, and BALF cells
after in vitro restimulation with A. fumigatus hyphae an-
tigens (Figure 4A and Figure S5). Very few Af3.16 TCR-tg
cells in spleen or MLN produced IFN-g (%3%, Figure 4A
and Figure S5). In contrast, the percentage of IFN-g-pro-
ducing Af3.16 TCR-tg cells was more than 25% in the
lung airways. In order to correlate cytokine production
with in vivo proliferation, we transferred CFSE-labeled
Af3.16 T cells and stained for intracellular IFN-g 7 days
later. Only cells that completely diluted CFSE produced
IFN-g upon restimulation (Figure 4B). As noted in the
previous experiment, the percentage of transferred
Af3.16 TCR-tg cells producing IFN-g in the airways of
infected mice was far greater than in the draining MLN
even though the extent of proliferation was similar. To
characterize Th1 commitment, we measured T-bet ex-
pression in the different populations by intracellular
staining. In vitro differentiated Th1 Af3.16 T cells upregu-
late T-bet expression whereas naive T cells transferred
into uninfected recipients remain T-bet negative
(Figure 4C). Af3.16 T cells recovered from MLN of in-
Figure 2. CD4+ Af3.16 TCR-tg Cells Recognize A. fumigatus In Vitro
CD4+ Af3.16 TCR-tg cells were purified from the lymph nodes and
spleen of Af3.16 TCR-tg mice, labeled with CFSE, and cultured
with APCs in the presence or absence of A. fumigatus hyphae anti-
gens. Cells were cultured for 5 days prior to cell-surface staining and
FACS analysis. Data shown are for representative cultures per-
formed in triplicate in two independent experiments.fected recipients had a slight increase in expression of
T-bet whereas Af3.16 T cells that infiltrated the airways
had greater T-bet expression. These results suggest
that antigen-specific T cells leave the MLN having re-
ceived a differentiation signal that is enhanced at the
site of infection.
A. fumigatus-Specific TCR-tg Cells Expand
and Traffic Normally in Myd882/2 Mice
In order to determine the in vivo impact of MyD88-medi-
ated signals on Af3.16 T cell proliferation and differenti-
ation, we transferred naive Af3.16 T cells into wild-type
and Myd882/2 recipient mice and infected them with
A. fumigatus conidia. Flow cytometric analysis demon-
strated that the number of Af3.16 T cells 7 and 10 days
after infection was similar in wild-type and Myd882/2 re-
cipient mice (Figure 5A). Comparison of wild-type and
Myd882/2 mice suggested a trend toward increased
numbers of Af3.16 T cells in Myd882/2 mice; however,
this result did not achieve statistical significance (Fig-
ure 5B). A. fumigatus-specific TCR-tg cells were re-
cruited similarly to the airways of infected wild-type
and Myd882/2 recipient mice (Figure 5C). Thus, MyD88-
mediated signals are dispensable for recruitment, ex-
pansion, and trafficking of A. fumigatus-specific CD4+
T cells after respiratory fungal infection.
Reduced Production of IFN-g by Af3.16 TCR-tg Cells
Primed in Myd882/2 Mice
We next examined the impact of MyD88-mediated sig-
nals on the in vivo differentiation of Af3.16 TCR-tg cells.
Although intracellular cytokine staining (ICCS) of medi-
astinal lymph nodes from infected mice did not reveal
IFN-g-producing T cells (Figure S1B), we reasoned
that more prolonged in vitro stimulation with antigen
might promote Th1 differentiation of in vivo primed T
cells. Therefore, we restimulated lymphocytes from
MLN in vitro for 72 hr with A. fumigatus hyphae. CD4+
T cells primed in wild-type mice produce nearly 10 times
more IFN-g than those primed in Myd882/2 mice (Fig-
ure 6A). This result indicates that MyD88-mediated sig-
nals imparted during priming in the draining lymph
node enhance Th1 differentiation of responding CD4+
T cells. To determine whether the absence of MyD88-
mediated signals increases Th2 cytokine production,
MLN-derived T cells were stimulated with antigen and
culture supernatants were assayed for IL-4 and IL-13.
However, the absence of MyD88 signaling did not en-
hance the production of Th2 cytokines (Figure 6A, right).
To further examine the impact of MyD88-mediated sig-
nals on Th1 differentiation, we assessed the level of
T-bet expression by Af3.16 T cells in MLN of wild-type
and Myd882/2 mice 7 days after infection (Figure 6B).
Although Af3.16 T cells upregulated T-bet expression
modestly in the lymph nodes of wild-type mice, the ex-
pression of T-bet was diminished inMyd882/2 recipients
(Figure 6B). Within the airways of infected C57BL/6 re-
cipient mice, 36% of Af3.16 T cells produced IFN-g, as
determined by intracellular staining (Figure 6C, left). In
contrast, only 12% of Af3.16 in the airways of MyD88-de-
ficient recipient mice produced IFN-g (Figure 6C, right).
In multiple experiments, we observed a reduction of
30%–90% in the proportion of responding Af3.16 T cells
that produce IFN-g in the absence of MyD88-mediated
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13 106 Af3.16 TCR-tg cells were labeled with CFSE and adoptively transferred into congenic recipients 1 day prior to an intratracheal challenge
with 107 A. fumigatus spores. Various tissues of recipient mice were analyzed for the presence of transferred Af3.16 T cells before infection and at
days 3 and 6 post challenge. Numbers indicate the percentage of adoptively transferred cells Thy1.2+CFSEhi (right gate) or Thy1.2+CFSElo (left
gate) among CD4+ lymphocytes. Data shown are for individual mice and are representative of 2–3 mice per group in two independent experiments.signals (Figure S6). The decrease in the number of IFN-g-
producing cells was similar for the endogenous and
adoptively transferred T cells in Myd882/2 recipient
mice (Figure S6). In contrast to our finding in draining
lymph nodes, T-bet was detected in Af3.16 T cells in
the airways of infected wild-type and Myd882/2 mice,
suggesting that Th1 differentiation in the airways occurs
in a MyD88-independent fashion (Figure 6D). It is inter-
esting that, although the proportion of cells producing
IFN-g is quite low, T-bet upregulation in responding
Af3.16 T cells in the airways is quite uniform in both
wild-type and Myd882/2 recipient mice.
Normal IFN-g Production by Antigen-Specific
MyD88-Deficient CD4+ T Cells
In addition to mediating TLR signals, MyD88 is also es-
sential for IL-1 and IL-18 signaling (Adachi et al., 1998).
Because IL-18 promotes IFN-g production by T cells
(Okamura et al., 1995; Robinson et al., 1997), it was pos-
sible that reduced frequencies of IFN-g-producing CD4+
T cells in MyD88-deficient mice resulted from deficientIL-18-mediated signaling within the responding T cells.
To address this, we generated MyD882/2Af3.16 TCR-tg
T cells for transfer into C57BL/6 recipient mice prior to
challenge with A. fumigatus conidia. Differentiation
into IFN-g-producing cells was assessed by intracellular
cytokine staining of BALF T cells 7 days after challenge.
Myd882/2 and wild-type Af3.16 T cells are indistinguish-
able in terms of IFN-g production upon priming (Fig-
ure 7A). Along similar lines, adoptive transfer of poly-
clonal Myd882/2 T cells into normal recipients resulted
in their priming and recruitment to the airways with un-
altered IFN-g-producing capacity (Figure 7B). These
results demonstrate that after fungal infection, MyD88-
mediated signals within responding T cells, which might
be mediated by either IL-1 or IL-18, are not required for
Th1 differentiation.
Normal IFN-g Production in the Absence
of TRIF-Mediated Signals
A. fumigatus conidia are recognized by TLR4, which sig-
nals via MyD88-dependent and -independent pathways
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CD4+ Af3.16 TCR-tg cells were labeled with CFSE prior to adoptive transfer into congenic recipients. Recipients were infected with 107 A. fumi-
gatus conidia the next day and analyzed 7 days after challenge. MLN and BALF cells were stimulated with APCs in the presence or absence of
A. fumigatus antigen for 5 hr prior to ICCS analysis.
(A) Recipient mice were adoptively transferred with 13 104 Af3.16 TCR-tg cells. Numbers in the plots represent the percentage of IFN-g-positive
cells among Af3.16 TCR-tg cells (Thy1.1+CD4+) and are for individual mice representative of 3–4 mice per experiment.
(B) Recipient mice were adoptively transferred with 13 106 Af3.16 TCR-tg cells. Numbers in the plots represent the percentage of IFN-g-positive
cells among Af3.16 TCR-tg cells (Thy1.1+CD4+) T cell populations and are for individual mice representative of 3–4 mice per experiment.
(C) Af3.16 T cells at different stages of differentiation were analyzed for T-bet expression by intracellular staining and FACS analysis. Af3.16 were
differentiated into Th1 cells in vitro and served as positive control for intracellular T-bet staining (top left). Naive Af3.16 TCR-tg cells transferred
into uninfected recipients served as negative controls (top right). Expression of T-bet by Af3.16 T cells recovered from the MLN (bottom left) or
from the BALF (bottom right) of mice infected with A. fumigatus 7 days earlier. Plots are gated on Af3.16 TCR-tg (CD4+Thy1.1+Vb8.3+) cells and
are for individual mice representative of three mice. Shaded histograms are for cells stained with isotype control antibody, solid lines are for cells
stained with anti-T-bet antibody.(Mambula et al., 2002; Meier et al., 2003; Netea et al.,
2003). MyD88-independent signals are mediated by TIR
domain-containing adaptor-inducing interferon b (TRIF)
and lead, among a range of responses, to type I IFN
production (Hoebe et al., 2003). To determine whether
TLR-dependent, MyD88-independent signals impact
Th1 differentiation after a fungal infection, Af3.16 TCR
tg cells were transferred into TRIF-deficient and wild-
type mice prior to pulmonary challenge with live A. fumi-
gatus conidia. Af3.16 T cells were primed normally in the
absence of TRIF signals and produced IFN-g at amounts
comparable to those primed in wild-type mice (Fig-
ure 7C). These findings suggest that TLR-dependent
MyD88-independent signals do not contribute to T cell
priming and differentiation after A. fumigatus infection.
Discussion
Fungal infections are an increasingly important clinical
problem (Latge, 1999, 2001; Romani, 2004), and antifun-
gal T cell responses contribute to immune defense but
also lead to allergic complications. In this report, we
demonstrate the recruitment, priming, expansion, and
subsequent trafficking of fungus-specific CD4+ T cells.
Although activation, expansion, differentiation, and traf-
ficking of CD4+ T cells is common to viral, bacterial, and
fungal infections, the distinct composition of these path-
ogens results in different inflammatory responses that
influence CD4+ T cell responses. Accordingly, we find
that A. fumigatus-specific CD4+ T cell responses after
respiratory fungal infection are different, in terms of
the kinetics of effector differentiation, from those de-
scribed previously for other respiratory infections.
A surprising result of our studies was the extent to
which in vivo CD4+ T cells responses were independentof MyD88- or TLR-mediated signaling. TLR2 and TLR4
are known to mediate responses to A. fumigatus
(Mambula et al., 2002; Meier et al., 2003; Netea et al.,
2003), and Tlr22/2, Tlr42/2, and Myd882/2 mice are
more susceptible to A. fumigatus infection upon admin-
istration of immunosuppressive drugs (Bellocchio et al.,
2004a). Studies by Bellochio and colleagues on T cell re-
sponses to A. fumigatus and Candida albicans in im-
munosuppressed MyD88-deficient mice demonstrated
a role for TLR signaling in Th1 responses to these fungi
(Bellocchio et al., 2004a). We have extended these stud-
ies by generating a TCR transgenic mouse specific for
A. fumigatus and visualizing the activation, proliferation,
and trafficking of fungus-specific T cells. This approach
has also enabled us to pinpoint the contribution of
MyD88-mediated signaling to CD4+ T cell responses
during fungal infection. Our results indicate that MyD88-
mediated signals are dispensable for recruitment of na-
ive T cells to the draining lymph node, for proliferation
and exit from the lymph node, and for entry into the
lung airways. Each of these steps is driven by inflamma-
tion that, apparently, is not mediated by TLRs. On the
other hand, MyD88-mediated signals are necessary for
full IFN-g production by antigen-specific T cells. In con-
trast to other published reports (Layland et al., 2005;
Muraille et al., 2003), we did not detect increased pro-
duction of Th2 cytokines in the absence of MyD88, per-
haps reflecting the distinct composition of A. fumigatus
conidia.
Our studies contrast with those demonstrating an es-
sential role for MyD88 signaling in the development of
T cell responses to the model antigen ovalbumin, which
requires the TLR4 ligand LPS to ensure T cell prolifera-
tion and Th1 differentiation (Pasare and Medzhitov,
2004a; Schnare et al., 2001). They also differ from studies
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671Figure 5. Af3.16 TCR-tg Cells Undergo Expansion in the MLN and Traffic to the Airways of Mice Independent of MyD88 Signaling
(A) 13 104 Thy1.1+Af3.16 TCR-tg cells were adoptively transferred into Thy1.2+ MyD88-deficient or control mice. Recipients were analyzed prior
to or at days 7 and 10 after a pulmonary challenge with 105 A. fumigatus conidia. Numbers in the plots are the percentage of Af3.16 TCR-tg cells
present among lymphocytes in the MLN of individual mice and are representative of three mice per group.
(B and C) 1 3 104 Af3.16 TCR-tg cells were adoptively transferred as described above. Recipient mice were infected intratracheally with 107
A. fumigatus spores, and the number of Af3.16 TCR-tg present in the MLN (B) and airways (C) was assessed at day 7 after challenge by cell-surface
staining and FACS analysis. Values are for the total number of CD4+Thy1.1+Vb8.3+ cells detected in each sample. Each symbol represents one
mouse. Results are cumulative of two individual experiments with 2–4 mice per group. Horizontal bars represent the average value for each group.demonstrating the dependence of pulmonary DCs on
MyD88-mediated signals for maturation and Th2 T cell
differentiation in the intranasal OVA-LPS-induced
asthma model (Piggott et al., 2005). The explanation for
these differences almost certainly lays in the complex na-
ture ofA. fumigatus conidia, whose recognition is not de-
pendent solely on TLRs but also on other non-TLR innate
immune receptors, notably the secreted receptor pen-
traxin-3 (Garlanda et al., 2002) and the nonclassical C-
type lectin dectin-1 (Hohl et al., 2005; Steele et al., 2005;
Gersuk et al., 2006). The relative contribution of these
non-TLR innate immune receptors to A. fumigatus-spe-
cific T cell activation and differentiation remains to be
established. It is likely that dectin-1, which has been
shown to trigger the secretion of inflammatory cytokines
and chemokines in response to liveA. fumigatus conidia,
influences CD4+ T cell priming and differentiation (Hohl
et al., 2005; Steele et al., 2005; Gersuk et al., 2006).
MyD88-deficient mice are more susceptible to infec-
tions with Leishmania major, Listeria monocytogenes,Trypanosoma cruzi, Toxoplasma gondii, and Legionella
pneumophila resulting from, at least in part, impaired
production of inflammatory mediators such as TNF-
a and IL-12 (Drennan et al., 2005; Scanga et al., 2004;
Sporri et al., 2006). The impact of MyD88 signaling on
the development of T cell responses to other infectious
agents has been addressed in a variety of mouse
models and the results have been mixed. In the absence
of TLR-MyD88 signals, T cell responses were primed in
mice infected with Listeria monocytogenes and Myco-
bacterium tuberculosis (Fremond et al., 2004; Kursar
et al., 2004; Way et al., 2003). These studies, however,
did not characterize the activation of naive T cells in
the absence of MyD88-mediated signaling, nor did
they measure the kinetics of effector function acquisi-
tion. Other studies have shown that the absence of
MyD88 signals diminishes CD8+ T cell responses to
LCMV and CD4+ T cell responses to Schistosoma man-
soni infection (Layland et al., 2005; Zhou et al., 2005). It
is likely that the impact of MyD88-mediated signals on
Immunity
672Figure 6. Reduced IFN-g Production by Af3.16 TCR-tg Cells Primed in MyD88-Deficient Mice
(A) CD4+ T cells were isolated from MLN of day 7 infected MyD88-deficient and control mice and cultured with APCs and hyphae antigens as
described in Experimental Procedures. Culture supernatants were collected 72 hr after culture initiation and analyzed for the presence of
IFN-g, IL-4, and IL-13. Values indicate the mean 6 SD of cytokine detected in triplicate cultures and are representative of two individual exper-
iments. Dashed line represents limit of detection.
(B–D) 13 104 Thy1.1+Af3.16 TCR-tg cells were adoptively transferred into Thy1.2+ MyD88-deficient or control mice 1 day prior a pulmonary chal-
lenge with 107 A. fumigatus spores.
(B) MLN cells from day 7 infected mice were analyzed for the presence of Af3.16 TCR-tg cells and stained for intracellular T-bet (black lines) or
isotype control (gray histograms). Plots are gated on CD4+Thy1.1+Vb8.3+ cells.
(C) BALF cells were collected 7 days postinfection and stimulated with APCs in the presence ofA. fumigatus hyphae antigens prior to intracellular
cytokine staining. Plots are gated on CD4+ T cell populations. Numbers in the FACS plots refer to the percentage of IFN-g-positive cells among
individually gated endogenous cells (CD4+Thy1.12) and transferred Af3.16 TCR-tg cells (CD4+Thy1.1+).
(D) T-bet expression by airway-infiltrating Af3.16 T cells primed in Myd88+/+ (left) or Myd882/2 mice (right). Plots are gated on Af3.16 TCR-tg
(CD4+Thy1.1+Vb8.3+) T cells stained with isotype control antibody (shaded histograms) or T-bet (black line). Data shown are for individual
mice representative of 3–4 mice per group in two independent experiments.the development of T cell responses will vary among
different pathogens, perhaps reflecting the distinct con-
tributions of parallel innate immune recognition and
signaling pathways.
In this study we observed that fungus-specific T cells
did not produce IFN-g, as measured by ICCS, until they
entered the airways. In wild-type, but not Myd882/2,
mice, T-bet was expressed at low levels in fungus-spe-cific T cells in the lymph node. Upon trafficking to the
lung, T-bet expression in A. fumigatus-specific T cells
increased similarly in wild-type and Myd882/2 mice.
The MyD88-independent differentiation signals received
by antigen-specific T cells in the lung may be delivered
by direct contact with resident cells, such as alveolar
macrophages or DCs, or by the cytokine milieu present
at the inflammation site. Despite normal upregulation ofFigure 7. Normal IFN-g Production by MyD88-Deficient T Cells
(A) 1 3 104 MyD88-deficient or competent Af3.16 TCR-tg cells were transferred into Thy1 disparate recipients 1 day prior to a pulmonary chal-
lenge with A. fumigatus conidia. Seven days later, BALF cells were stimulated with APCs in the presence or absence of antigen prior to intracel-
lular staining and FACS analysis. Numbers refer to the percentage of IFN-g-positive cells among individually gated endogenous and transferred
Af3.16 TCR-tg T cells. Plots shown are representative of four mice per group and are gated on CD4+ cells.
(B) Polyclonal lymph node CD4+ T cells were isolated from MyD88-competent or -deficient mice, and 73 106 cells were then transferred into Thy1
disparate recipients 1 day prior to infection with A. fumigatus conidia. BALF cells were recovered from day 7 infected mice and analyzed as de-
scribed in (A). Numbers refer to the percentage of IFN-g-producing cells among individually gated endogenous and transferred Af3.16 T cells.
Plots shown are gated on CD4+ T cells and are representative of four mice per group.
(C) 1 3 104 Af3.16 TCR-tg cells were transferred into TRIF-deficient and control mice 1 day prior to intratracheal challenge with A. fumigatus
conidia. Seven days later, BALF cells were stimulated with APCs in the presence or absence of antigen prior to intracellular staining and
FACS analysis. Percentages of IFN-g-producing cells among individually gated endogenous and transferred Af3.16 TCR-tg T cells are indicated
in the gates. Plots shown are gated on CD4+ T cells and are representative of four mice per group.
CD4+ T Cell Priming to A. fumigatus Infection
673T-bet expression in the lung, the frequency of IFN-g-pro-
ducing T cells was diminished in MyD88-deficient mice,
suggesting that MyD88-mediated signals in the lymph
node increase the likelihood of Th1 differentiation
upon T cell trafficking to the lung. It is possible that prim-
ing of T cells in the node by MyD88-deficient DCs pro-
grams CD4+ T cells in a fashion that diminishes their
likelihood of producing IFN-g. Alternatively, it is possi-
ble that the inflammatory environment in the lungs of
A. fumigatus-infected MyD88-deficient mice induces
T-bet in CD4+ T cells but does not provide an optimal
stimulus for IFN-g production. Further studies are
needed to distinguish between these possibilities.
Our results contrast with those obtained in studies of
influenza-specific CD4+ T cells (Jelley-Gibbs et al., 2005;
Roman et al., 2002). In that setting, large amounts of
IFN-g are produced in the lung as well as in lymphoid
tissues by influenza-specific CD4+ T cells (Jelley-Gibbs
et al., 2005; Roman et al., 2002). Similar to our results
characterizing A. fumigatus-specific CD4+ T cells, how-
ever, influenza virus-specific T cell proliferation occurred
primarily in the MLN, peaking at day 6, and only highly
proliferated cells entered the airways of virus-infected
mice (Jelley-Gibbs et al., 2005). Intranasal immunization
of mice with peptides or peptide-coated DCs results in
more rapid T cell responses than we have seen after
A. fumigatus infection, perhaps reflecting the time re-
quired for spores to be taken up and processed by
antigen-presenting cells (Lambrecht et al., 2000).
A consistent theme arising from studies in a variety of
fungal infections is the ability of the immune system to
respond according to the invasive potential of fungi.
Accordingly, hyphal forms of Candida albicans trigger
inflammatory responses not triggered by yeast forms
(d’Ostiani et al., 2000), and live germinating A. fumigatus
conidia elicit inflammatory signals that resting conidia
do not (Hohl et al., 2005; Rivera et al., 2005; Steele
et al., 2005). As the development of protective antifungal
Th1 responses are relevant not only to A. fumigatus but
also to other fungal infections like Candida albicans and
Cryptococcus neoformans, our studies on the regula-
tion of fungus-specific T cell immunity may provide
new opportunities to enhance antifungal therapies.
Experimental Procedures
Mice and Infection
Myd882/2 (Adachi et al., 1998) were a kind gift from Shizuo Akira and
were bred to C57BL/6J mice in our laboratory for 10 generations
prior to their use in this study. TRIF-deficient mice on the C57Bl/6
background were kindly provided by Bruce Beutler (Hoebe et al.,
2003). Control C57BL6/J mice were purchased from The Jackson
Laboratories (Bar Harbor, ME). Thy1.1 congenic B6 mice were
bred and maintained at the animal facility in Memorial Sloan Ketter-
ing Research Animal Resource Center. For all experiments, mice
used were sex and age matched and maintained under specific-
pathogen-free conditions prior to infection. All animal procedures
were approved and performed according to institutional guidelines
for animal care. MyD88- and TRIF-deficient mice survived intratra-
cheal challenges with A. fumigatus conidia in excess of 2 weeks. As-
pergillus fumigatus strain 293 is a clinical isolate and was provided
by Michael Anderson. The fungus was grown on Saboraud Dextrose
agar slants for 7 to 10 days at 37C. A suspension of 20 3 107 con-
idia/ml was prepared just before infecting mice intratreacheally
with 50 ml (107 conidia/mouse) via a noninvasive procedure previ-
ously described (Rivera et al., 2005).T Cell Proliferation and ELISA
T cell proliferation assays were performed as previously described
(Rivera et al., 2005). In brief, untouched CD4+ T lymphocytes were
isolated from the MLN with a negative-sorting CD4+ isolation kit (Mil-
tenyi Biotec, Auburn, CA) and were consistently >94% pure. 23 105
CD4+ T cells were cultured with 3 3 105 T-depleted, irradiated sple-
nocytes as previously described. After 72 hr post culture initiation,
supernatants were either collected for cytokine analysis with BD
OPtEIA ELISA kits (BD Biosciences, San Diego, CA) or supple-
mented with [3H]-thymidine and cultured for an additional 16 hr.
T cell proliferation was assessed by thymidine incorporation after
a total of 84–90 hr of culture by liquid scintillation (TopCount, Pack-
ard Instruments, Meriden, CT). For T cell proliferation assessment by
CFSE dilution, CD4+ T cells were isolated and cultured as described
above but were labeled with 10 mM CFSE (Molecular Probes, Carls-
bad, CA) according to the manufacturer’s instructions. For all anti-
gen stimulations, hyphae fragments were prepared as previously
described (Rivera et al., 2005) and used at 1:100 dilution. All cultures
were supplemented with the fungal growth inhibitor voriconazole at
a final concentration of 0.5 mg/ml (Van Epps et al., 2003).
Generation of Af3.16 T Cell Receptor Transgenic Mice
To generate A. fumigatus-specific hybridomas, B6 mice were in-
fected intratracheally with live A. fumigatus conidia, and 10 days
postinfection, MLN cells were obtained and stimulated with hyphae
fragments for 48 hr in the presence of voriconazole prior to fusing
activated lymphocytes with BW5147 fusion partner. Antigen-spe-
cific hybridomas were then selected by screening for IL-2 produc-
tion in response to A. fumigatus hyphae stimulation. Af 3.16 was
chosen to generate TCR transgenic mice because it expresses
only one in-frame cDNA for the TCRa chain. The TCR a and b chain
genes conferring the specificity of Af3.16 forA. fumigatuswere iden-
tified as Va1.8-Ja30 for the a chain and Vb8.3-Db1-Jb1.2 for the
b chain. This TCR was identified by a combination of surface staining
with a panel of TCR Va and Vb monoclonal antibodies (BD Biosci-
ences) and by RT-PCR amplification and DNA sequencing with
a panel of Va primers. The genomic a and b VJ and VDJ segments
were amplified with primers 50-CGCCCGGGGAGAGAATGAAATCC
TTGAGTGTTTC and 30-GGGCGGCCGCAAACCAAGAGTCTCTAGT
TAG for a chain and 50-GGCTCGAGCGCGAGATGGGCTCCAGGCT
CTTTCTGG and 30-CCCCGCGGGGAGGAACCATGAGCAGCATCC
for the b chain. The genomic fragments were cloned as XmaI-NotI
fragment into pTa vector and XhoI-SacII into pTb cassette vectors
for the expression of each TCR chain by endogenous a and b pro-
moters (Kouskoff et al., 1995) (a kind gift from Diane Mathis). The
DNA fragments containing the fused TCR genes were injected into
fertilized C57BL/6 oocysts. Founders and their progeny were
screened by performing PCR amplification for the transgenic
a and b chains on tail genomic DNA. Af3.16 TCR-tg founder number
3 was selected and used in all the experiments presented in this
paper. Af3.16 TCR-tg mice were bred to B6.PL(Thy1.1+) to obtain
Thy1.1+Af3.16 T cells and to MyD882/2Thy.2+ mice to generate
Af3.16-MyD882/2Thy1.2+ TCR-tg cells.
Adoptive Cell Transfers
Thy1.2+ or Thy1.1+ Af3.16 CD4+ T cells were isolated from the spleen
and lymph nodes of Af3.16 TCR-tg mice and labeled with 10 mM
CFSE prior to intravenous injection into congenic recipients by stan-
dard techniques. Where indicated, Af3.16 CD4+ TCR transgenic cells
were further purified to >95% purity with a negative selection CD4+
isolation kit supplemented with anti-CD11c and anti-Class II mag-
netic beads (Miltenyi Biotec, CA). Cell transfers were performed
into naive recipients 1 day prior to infection. For the analysis of
polyclonal MyD882/2 T cells, lymph node and spleen CD4+ T cells
were isolated to >95% purity from either MyD88+/+Thy1.2+ or
MyD882/2Thy1.2+ as described for Af3.16 TCR-tg. A total of 7 3
106 CD4+ T cells were transferred into each congenic Thy1.1+ recip-
ient prior to infection.
Antibodies, ICCS, and Flow Cytometry
All antibodies were purchased from PharMingen (BD Biosciences)
with the exception of anti-Tbet clone 4B10 that was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). To assess the presence
of intracellular IFN-g, splenic APCs were prepared by depleting
Immunity
674T cells with antibody and complement treatment as previously de-
scribed (Rivera et al., 2005). APCs were cultured with hyphae anti-
gens overnight before the addition of BALF, spleen, or MLN cells.
Cultures were maintained in the presence of the protein transport
inhibitor GolgiPlug (BD Biosciences) for a total of 5 hr prior to intra-
cellular cytokine staining. Cell surface and intracellular cytokine
staining were performed according to standard procedures. Stained
cells were analyzed by flow cytometry with a BD-LSR flow cytometer
(Becton Dickinson, Mountain View, CA).
Statistical Analysis
Statistical analysis was performed on Microsoft Excel software with
the unpaired Student’s t test. A p value of less than 0.05 was consid-
ered significant.
Supplemental Data
Supplemental Data include five figures and one table and can be
found with this article online at http://www.immunity.com/cgi/
content/full/25/4/665/DC1/.
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